Abstract
the Big Muskellunge and Crystal Lakes in a cross-sectional model. Goode (1996) 24 5 demonstrated differences in groundwater ages due to dispersion in idealized 1-D aquifer 1 settings, but did not construct transit time distributions at the groundwater discharge points.
2
In the particle tracking technique, velocities obtained with groundwater flow models are used 3 to produce particle pathlines with associated particle travel times. These pathlines and travel 4 times account only for advective transport and do not account for parameters that are 5 available in transport models such as MT3DMS (i.e. dispersion, diffusion, decay, sorption, 6 dual porosity). Therefore, a direct comparison of measured and simulated environmental 7 tritium tracer concentrations with particle tracking (MODPATH/MODFLOW) and transport 8 (MT3DMS/MODFLOW) models is needed to provide insight into the applicability of particle 9 tracking to simulation of groundwater contaminant movement in the aquifer systems and river 10 water at baseflows.
11
This study is a continuation of the western Lake Taupo catchment (WLTC) work, which has 12 two objectives: 1) to simulate tritium concentrations in river water of the WLTC with particle 
20
(2013) used groundwater recharge assigned in 10 recharge zones, see Figure 1A . (Abrams et al., 2013) .
12
In each cell, one MODPATH particle was assigned at the water to an aquifer was a time series from 1952 to 2011 of annual measured tritium in precipitation.
The tritium concentrations measured in river water at baseflows of the Waihaha, Whanganui, 
Convolution integral for tritium response

17
The time-dependent tritium concentration at discharge points, ( ) 
Results
9
MODPATH transit times
10
In this study, the tritium calibration with MODPATH for river water used porosity values rarely coincide with the surface water divides of the river catchments in the WLTC.
22
Contaminants recharged in one surface water catchment may be discharged in another surface defined by the MTT, and shape, which is defined by the variance, skewness, and kurtosis
7
(summarized in Table 1 ). In order to make a meaningful comparison of shape irrespective of 8 scale, all transit times in a catchment were divided by their respective MTT, hence resulting 9 in a normalized CFD curves for each catchment (see Figure 2b ).
10
In Figure 2 , the normalized CFD curves for all five catchments are roughly similar in shape to MTT, the higher the tritium peak will be. For example, the Omori has the smallest MTT (3.15 10 yr) in Table 1 , and as a result tritium will on average remain in the aquifer less time than in concentrations in the Whareroa during the bomb tritium peak.
23
In the 1970s, tritium in rain decreased quickly and fell below tritium concentrations in river Omori again returned to the highest tritium concentration in the early 1990s due to its small 9 MTT and to the shortest transit times (Figure 3 ).
10
The significance of the above discussion is that sharp changes in an input, be it tritium,
11
nitrate, or some other dissolved constituent in groundwater, can lead to some unexpected 12 responses. In particular, the assumption that the relative magnitude of tritium between two
13
watersheds is a function of the MTT and a constant tritium decay, while true for the peak and 14 present days (at least in this study), was not true in the 1980s. In addition, both MTT and 15 variance were important factors in determining the amplitude of the tritium response curves 16 during the bomb peak in the five river catchments. MTT and, as a result, decreases the peak tritium response (MODPATH Low in Figures 4a-e) .
10
This is consistent with observations in the previous section where watersheds with higher
11
MTTs had smaller tritium peaks (Figure 3 ). In these two porosity cases, the MODPATH
12
CFDs have the same shape but are scaled by percentage values and are not shown in Figure   13 2a. simulation, so the weight assigned to each particle was constant with time. As a result of the 5 above procedure, the transit time for every particle was accounted for, hence this is a TTD 6 that can be applied in equation (1).
7
For the MT3DMS methodology, the CFD for the river network is generated by 
Comparison of MODPATH and MT3DMS CFD results
23
In all five cases, the MT3DMS CFDs have less short transit times compared to Table 1 ). This is expected, as both methods take into account the entire range of transit 17 times in the watershed. While the MODPATH method considers each particle explicitly, the
18
MT3DMS method utilizes the average of transit times discharging to an individual sink cell.
19
In other words, the very short and very long transit times are only (weakly) included in the 20 distribution developed with MT3DMS via their influence on the mean at individual sink cells.
21
As a result, the variance for all CFD's developed with MT3DMS is less than the variance of 22 the respective MODPATH CFDs (Table 1) .
23
Not only do the MODPATH CFDs explicitly include very short transit times, but 1 these very short transit times have a higher frequency than any other range of transit times. 
Hypothetical examples of MODPATH and MT3DMS CFD methodology
10
To further illustrate the difference between the two methodologies, we introduce 1D,
11
2D and 3D cases to construct CFDs for the hypothetical river network in idealized aquifers.
12
For clarity, we will henceforth refer to the CFDs generated using the MODPATH of all particles reaching a discharge cell. As a result, the MT3DMS CFD has a pulse shape 18 shown by the orange curve in Figure 6c with the jump from 0 to 1 occurring at a transit time 
22
In the 2D case, the MODPATH CFD is exactly the same as the 1D, which is expected 
23
Further introduction of real world complexities of a 3D aquifer system, such as 1 saturated thickness, aquifer porosity, groundwater recharge, partially penetrating streams, 2 higher degrees of anisotropy, etc., will result in very different local groundwater TTDs that MT3DMS that is older than the MTT for the entire aquifer (Abrams, 2012). These 10 complexities will cause the MT3DMS CFD simulation to further deviate from the pulse shape
11
for the 1D case shown in Figure 6 and, in theory, possibly approach the MODPATH CFD 12 simulation. Indeed, this is why the MT3DMS CFDs shown in Figure 5 are not pulse shaped, These factors include weak sinks, variations in saturated thickness, variations in recharge, etc.
9
The MODPATH and MT3DMS CFDs must be interpreted differently, with the understanding 10 that only MODPATH is providing the TTD that should be used in the convolution integral.
11
This may be seen by the match of MODPATH tritium responses using the CFD in 
MT3DMS
CFDs developed for a 1D, 2D, and 3D conceptual model (dispersion and diffusion 3 transport was disabled in the MT3DMS).
